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Abstract 
There is substantiated evidence that Ultraviolet (UV) light reduces the level of microbial contamination for a wide range of liquid 
foods and beverages. However, the major disadvantage of UV light is the limitation of light penetration. Liquid foods have been 
known to absorb inadequate UV light due to its physicochemical properties. These attributes largely depend on suspended 
matters, organic solutes and color compounds of liquid foods. Subsequently, these factors will lower the performance efficiency 
of UV pasteurization. This study examined the effects of physicochemical properties of pummelo fruit juice towards inactivation 
of Salmonella typhimurium. 
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1. Introduction 
The approval of ultraviolet (UV) light as an alternative treatment to thermal pasteurization of fresh juice products 
by the United States’ Food and Drug Administration (USDA, 2000) has led to a growing interest and research in UV 
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technology. It is a non-thermal technology suitable for fruit juice pasteurization with a positive consumer image and 
it is attractive to the food industry due to its low cost and energy efficiency (Koutchma, 2009). 
UV light is part of an electromagnetic spectrum between 200 to 280 nm. Approximately 85% of the output from 
low-pressure mercury arc lamps is monochromatic at a wavelength of 254 nm (Water Environment Federation, 
1996). Its antimicrobial mechanism is based on the absorption of UV light by microbial DNA, which causes the 
formation of cyclobutane pyrimidine dimmers to interrupt the transcription, translation and replication of DNA and 
eventually rendering cells death (Harm, 1980). 
In the past ten years the usage of UV light are well documented with samples ranging from citrus juice to raw 
cow milk. Compared to water, liquid foods have a range of optical, physical properties and diverse chemical 
compositions that influence UV light transmittance, dose delivery, momentum transfer and consequently microbial 
inactivation. To achieve 5 log10 microbial inactivation, the UV radiant exposure must be at least 400 J/m2 in all parts 
of the product (Koutchma, 2009). Critical factors include the transmissivity of the product, geometric configurations 
of the reactor, the power, wavelength and physical arrangement of the UV sources, the product profile and the 
radiation path length. 
In order for the UV pasteurization to be effective, specific optimization of the model system has to be made to the 
selected juice. This requires an understanding of UV influence rate on the relationship between absorption 
coefficient of liquid food and interference from particulates and soluble solids. 
Product composition, solid contents, color and overall chemistry of the food product have a major impact on both 
the absorption coefficient and UV inactivation effectiveness (Koutchma, 2009). Fruit juices with different turbidity, 
total soluble solids and pH levels as well as varying viscosities significantly distinguish the approaches to treat them 
successfully using UV light. Juice with high soluble solids are impenetrable to light and subsequently would provide 
effective shields for microorganisms, allowing them to survive during UV processing. Hence, there must be clear 
understanding on variations and combinations of physical properties of juice such as turbidity and particle size, 
which can affect UV processing parameters. 
The difficulty of achieving 5 log10 reduction in UV pasteurization due to low penetration capacity of UV photons 
on liquid foods has prompted a study regarding Dean vortex flow reactor. Several literatures have been published on 
Dean flow UV reactor (Feng et al., 2013; Bandla et al., 2012; Choudhary et al., 2011; Muller et al., 2011; Franz et 
al., 2009; Ghaly and Singh, 2007) with various configurations and samples. However, only Muller et al. (2011) 
reported the effect of absorptive and physicochemical properties of naturally cloudy apple juice, blood orange juice 
and elderberry nectar on the inactivation of pertinent microorganisms utilizing a UVivatec Lab System (Bayer 
Technology Services GmbH, Germany). Dean flow refers to a secondary flow caused by flow movement in curved 
tubes. The secondary flow is the double spiral motion produced by a gradual bend in a closed pipe. The direction of 
the secondary flow is perpendicular to the main direction of flow (Dean, 1927). Dean vortices that resulted from the 
flow will increase the juice mixing in the tube, exposing more surface area of the juice to UV light radiation. The 
secondary mixing that produced a uniform fluence rate within the pipes proved to be effective in killing bacterias, 
viruses, yeasts and molds. 
Therefore, the present study proposes to evaluate the relationship between juice absorption coefficient, particle 
size, turbidity, total soluble solids and UV dose with Salmonella typhimurium log reduction in a dean flow UV 
reactor. The ultimate aim is to optimize dean vortex UV pasteurization with minimal electrical energy and maximize 
bacterial reductions in a bid to have a more natural, fresh-like and organic fruit juice.  
2. Materials and methods 
2.1 Preparation of fresh juice sample 
Seven days old (from the day of harvest and approximately three months maturity) of Ledang variety (PO55) 
pummelo fruits (Citrus Grandis L. Osbeck) were obtained from Jabatan Pertanian Daerah Segamat, Johor Darul 
Takzim, Malaysia. Pummelo fruits were kept in a chiller room at 10°C until used for experimental works. Prior to 
peeling, the pummelos were washed with distilled water to eliminate any microbial contaminations to the fruits. The 
thick skin of the fruit (flavedo and albedo) was peeled manually and one cm-deep horizontal incision was made 
using a knife to reveal the juicy segments. Pummelo was then peeled into segments and the inner skin of each 
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segment was peeled and discarded. The white membrane surrounding the juicy segments and the seeds were 
removed completely. The juice was extracted using a screw type extractor and nylon-filtered to remove the pulps. 
This process was repeated three times to increase the juice yield. The juice was then kept in a five-litre HDPE bottle 
in a deep freezer at -20 °C until further experimental works. The storage is limited to a 3-months period to avoid 
unwanted changes to the juice and non-uniform data. 
2.2 Preparation of clarified juice 
Frozen fresh juice was thawed at room temperature for three hours to prepare for clarified treatments. Clarified 
pummelo fruit juice was prepared by an optimized enzymatic treatment: enzyme concentration 0.068%, incubation 
time 99 minutes and temperature of 31 °C. The optimized range of the variables for enzymatic treatment conditions 
was based on the preliminary RSM experiments conducted earlier (unpublished works). Enzyme used in this study 
was Pectinex Smash XXL (Novozymes A/S, Denmark). The temperature of the enzymatic treatment was adjusted to 
the desired level using a constant temperature water bath. The pH of pummelo juice was kept at its natural pH value 
of 4.0 and was excluded from the RSM experimental design as the pH was considered optimal for exo-pectinase 
(Kashyap et al., 2001). The enzymatic treatment was the modified method of Rai et al. (2004). Heat treatment to 
inactivate enzyme was excluded and replaced with ultrasonication method (300 Hz and 30 minutes). This method 
was introduced to avoid unwanted changes to the flavour and juice characteristics from the conventional thermal 
treatment to inactivate the pectinase (90 °C for 15 s). The treated juices were then centrifuged at 3000 g for 10 min 
and the supernatant was collected. Subsequently, the juice was filtered through a Whatman no. 1 filter paper using 
vacuum suction at 25 mm Hg. The filtrate was then collected for further analysis. Characteristics of the samples are 
presented in Table 1.  
2.3 Salmonella typhimurium cultures and microbiological analysis 
Salmonella typhimurium E292 was procured from Thailand Institute of Scientific and Technological Research 
(TISTR). Freeze-dried cultures were then revived using nutrient broth (Oxoid, UK) and incubated for 24 hours 
before it was streaked on a xylose lysine deoxycholate (XLD) and bismuth sulphite agar (Oxoid, UK) to confirm the 
culture. A loop of Salmonella typhimurium sample was then incubated in ten 10 mL nutrient broth at 37°C for 24 
hours. The nutrient broth was then compared with McFarland standards (NCCLS, 1997) to approximate the number 
of bacteria before it was centrifuged at 3000 rpm for 2 minutes to obtain a concentration of cells around 7 – 8 x 108 
CFU/mL.  Later, the homogenized concentration was transferred to a litre of pummelo fresh juice and clarified juice 
respectively and left in room temperature for one hour prior to UVC treatment. 
UVC treated samples were streaked immediately after the treatment to avoid cross-contamination and 
overestimation of the bacterial count. 0.1 mL aliquot of each samples were taken and streaked onto plates of xylose 
lysine deoxycholate, bismuth sulphite and tryptic soy agar. The plates were incubated at 37 °C for 24 - 48 hours and 
counted. All microbial count determinations were done in triplicate and the mean of triplicate determinations was 
calculated. 
   
2.4 Analytical measurements 
Absorbance was measured using a spectrophotometer (UV-mini 1240, Shimadzu, Japan) at a wavelength of 254 
nm in glass UV-cuvettes with an optical path length of 2, 5 and 10 mm. The absorption coefficients of the samples 
were determined from the slope of the absorbance versus the path length. The pH value of the juice was measured 
using a pH meter. The total soluble solids were determined using a digital refractometer (D Series, Graigar 
Technology, China). Turbidity was measured using a turbidimeter (TN-100, Eutech, Singapore) by shining an 
incident light beam through a 10 ml sample juice with a scattering angle of 90°. The turbidity value was expressed 
as Nephelos Turbidity Units (NTU). Clarity was determined by measuring the absorbance at 660 nm using a UV-Vis 
spectrophotometer (UV-mini 1240, Shimadzu, Japan). Distilled water was used as reference. The viscosity of 
pummelo juice was determined using a rheometer (Rheolab QC, Anton Paar GmbH, Germany) in a controlled shear 
stress mode utilizing a cylindrical sensor system CC27 8630 according to ISO 3219 for 3 minutes. The unit 
measurement used for kinematic viscosity in m2/s. Viscosity was measured at room temperature (27 ± 1 °C). All 
measurements were done in triplicate. 
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2.5 Ultraviolet apparatus and treatments 
The experimental setup (Fig. 1) consisted of Dean Vortex reactor, juice feeding tank, overflow tank and two UV 
sensors. A 914-mm arc length low pressure mercury lamps (Philips, UK) were used in the UV reactor. The high 
output UV lamp has an energy density of 573 W/m2 and a durability of 9000 hours. A coil made of perfluoroalkoxy 
(PFA), with a length of 19.27 m, an inner diameter of 1.65 mm and a pitch of 3.18 mm, was used to create a 
helically wound tube around the UV lamp. The feeding and overflow tank were made out of food-grade stainless 
steel with an inner diameter of 250 mm and 850 mm height. The reactor was mounted in vertical position with fluid 
flowing from the bottom to the top in order to fill the tube fully and to avoid bubbles. The fluence rate is highly 
dependent on the volume of the juice, flowrate, turbidity and flow field. Values of the various parameters for Dean 
Vortex reactor are presented in Table 1.  
The performance of UVC reactor was evaluated at three frequencies (30, 35 and 40 Hz). Prior to each 
experimental run, the UVC reactor and all accessories were cleaned with hot water and chemically sterilized with 
2% sodium hydroxide solution (NaOH) to eliminate any microbial contamination. Upon start-up, the reactor was left 
to warm up until the temperature of UVC lamp reached 40 °C. This was done to ensure the UVC radiation from the 
lamp is at a steady state for efficient usage. The samples were pumped through the UVC reactor at set frequency 
using a peristaltic pump until all of the juice flowed out. The temperature of UVC lamp and samples were recorded 
together with the time for the whole volume of juice to be pumped out. Samples were then collected from the inlet 











Diameter of inner tube (m) 0.00165 
Diameter of UV lamp (m) 0.028 
Pitch 0.0032 
Number of turns 0.9144 
Length of UV lamp (m) 219 
Length of tube (m) 19.28 
Calculated power density (W/m2) 572.45 
Table 1. Values of the various parameters used in the 
Dean Vortex UV reactor calculations. 
Fig. 1. Dean vortex ultraviolet system setup. 
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2.6 Statistical analysis 
The data obtained in the study were analyzed using Minitab Release 14 (Minitab Inc., PA, USA). Analysis of 
variance was performed by ANOVA procedure and significant differences (P < 0.05) between factors were 
determined using general linear regression. Pearson’s correlations were performed to determine the relationships 
between all factors. All analyses were done in triplicate.  
 
3. Results and discussion 
Juice characteristics such as absorption coefficient, total soluble solid, turbidity and particle size have been 
classified as crucial factors that will determine the efficacy of UV pasteurization. Limitation of UV light 
transmission on juice has been the major disadvantage of UV treatment. Opaque type juices with level of absorption 
of coefficient ranging between 40 to 100 cm-1 have been reported to have less than 5 log10 reduction of pertinent 
microorganisms (Koutchma, 2009) and it was assumed that this was due to the presence of organic solutes and 
suspended matter (Koutchma et al., 2004). At the moment of writing, no literature has verified the cause of high 
level of absorption coefficient in juice. The presumption was made based on the natural abilities of light to scatter, 
absorb and reflect lights upon contact with particles within the juice. Thus, the aim of the study is to establish the 
main factor in determining absorption coefficient of juice.  
UV disinfection has a unique and intrinsic characteristic since radiation energy is absorbed by the fluid in which 
the microorganisms are suspended leading to non-uniform fluence rates as explained in the Lambert-Beer’s 
equation; 
 
                       (1) 
where; 
 Fluence rate at path length χ [mW/cm2] 
 Incident fluence rate [mW/cm2] 
 Absorption coefficient [cm-1] 
 Path length [cm] 
 
Eq. 1 shows that the radiation fluence rate is dependent on absorption coefficient and path length. Fluence rate 
decreases exponentially with the path length from the radiation source.  In other words, disinfection can be severely 
limited when liquid foods with high absorption coefficients are treated. Absorption coefficient of the juice defines 
the extent the juice absorbs the radiation energy. Large absorption coefficients mean that the juice have to be 
inactivated in a thin layer film or small diameter tubing to expose more surface area of the juice and efficiently 
pasteurizing it.  
In this study, pummelo fruit juice was first characterized with respect to pH, Brix, turbidity and absorption 
coefficient (Table 2). These characteristics of juice have been documented to have an effect in reducing the 
efficiency of UV disinfection. The absorption coefficient was determined as a slope of the linear plot of the 
absorbance versus light path energy as shown in Fig. 2. The molar absorptivity coefficient was obtained as a 
regression curve slope by plotting absorbance versus sample concentration.  
   







**The means within the column followed by different letters were significantly different at P < 0.05. 
 
From Fig. 2, it is apparent that UV light has very little transmission through the fresh pummelo fruit juice. Thus, 
fresh pummelo juice was clarified using a hurdle method by combining enzyme and ultrasonic treatment prior to UV 
treatment. Clarification is a physical and/or chemical method to eliminate as much suspended solids as possible to 
Parameters Pummelo fresh juice Pummelo clarified juice 
pH 3.99 ± 0.02a 3.87 ± 0.02a 
Absorption coefficient (cm-1) 21.31 ± 0.00a 17.21 ± 0.00b 
Total soluble solids (°Brix) 14.17 ± 0.06a 12.13 ± 0.15b 
Viscosity (x 10-5 m2/s) 7.88 ± 0.04a 5.11 ± 0.12b 
Clarity (abs @660 nm) 0.362 ± 0.00a 0.239 ± 1.86b 
Turbidity (NTU) 47.73 ± 0.25a 31.71 ± 0.13b 
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produce a clear juice. This method also helps to avoid cloud loss as a result of pectin methylesterase enzyme 
reaction towards suspended solids within the juice, resulting in cloudy juice. The result from the clarification 
treatment showed that, absorption coefficient of fresh juice and clarified juice were found to be significantly 
different (P < 0.05) with UV absorbancy of pummelo fruit juice reduced to 17 cm-1. Other corresponding juice 
characteristics followed in the same manner, where total soluble solids and turbidity of clarified juice were found to 




Fig. 2. Absorbance coefficient of various samples.  
 
This further proves that juice light transmissions are highly dependent on its optical density properties, when 
examined individually. Each of the factors are significantly different from each other (P < 0.05). Absorption 
coefficient equation can be deduced from the factors; 
 
Abs coeff = -8.3 + 0.210 turbidity + 1.60 total soluble solids – 0.0124 particle size           (2) 
 
Turbidity of juice as determined by the content of suspended solid or juice matters and pulp, will highly influence 
the viscosity attributes of the juice. The increment of viscosity or flowability of the juice will increase the turbidity, 
subsequently increasing the flow rate of the juice inside the UV reactor. Higher flow rates result in increased mixing 
and more sufficient irradiation of juice. Decreasing the turbidity of juice will positively influence the effectiveness 
of UV inactivation, resulting in a higher inactivation rate. 
 Juice particle size made up of soluble and suspended solids have high light absorbance and are impenetrable to light 
unless they have high porosity. However, porosity can provide effective shields for microorganisms, allowing them 
to survive during UV processing. Thus, measurement of juice particle size is necessary and imperative in order to 
estimate the UV inactivation rate effectively. Particle size in this study is proven to have a direct relationship with 
absorption coefficient of the juice (R2 = 0.9985). Ninety percent of the particle size in the fresh pummelo juice was 
analysed to have diameter, of 216.34 μm in comparison to particle size in clarified pummelo juice, which was 76.89 
μm in diameter. The particle size positively corresponds to juice absorbance of 21.31 and 17.21 cm-1, respectively 
(Fig. 3).  Thus, this indicates that with every increase of juice particle size, the inactivation rate of Salmonella 
typhimurium would decrease. However, as reported by Gayan et al. (2012), incubation of UV- treated liquid medium 
below visible light increased the number of Salmonella typhimurium. It is concluded that larger particle size of juice 
is susceptible to harbour survivors of pertinent pathogens and recovery after the pasteurization process is made 
possible if visible light is available.  
As reported by Loge et al. (1996), soluble solids are the major cause of tailing, a phenomenon where 
microorganisms continue to survive despite continued exposure to high amounts of UV-light energy. Soluble solids 
are primarily made up of sugar contents in the juice, which are sucrose, fructose and glucose. From Fig. 3, total 
soluble solids is observed to have a linear relationship with absorbance of pummelo fruit juice, where the goodness 
of fit was found to be 0.9985. The findings of this study seem to differ from what Koutchma et al. (2009) reported in 
their study of caramel medium model. It was stated that total soluble solids may not be linearly correlated with 
turbidity but they agree that to a certain extent absorbance property of juice is influenced by turbidity and total 
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soluble solids in juice. A small but statistically significant effect was noted when pH and Brix were changed and a 
combined effect was observed. The authors further reported that the soluble solids and pH did not exhibit a large 
effect over the range tested when examined individually. The single factor found to be consistently affecting the 
efficacy of UV light inactivation in juice was absorbance. Murakami et al. (2006) reported similar findings 
regarding the insignificant effect of pH and Brix in apple juice during inactivation of E.coli. They further noted that 
Brix level between 15 and 25 did not influence UV-processing inactivation rates. The results also showed that the 
inactivation rates at the Brix level of 10 and 20 were not significantly different (P < 0.05) from each other at both 
low and high absorption coefficient solutions. Basaran et al. (2004) also stated that comparison of log reductions 
among E.coli strains to cider parameters of Brix, pH and malic acid content failed to show any statistically 




Fig. 3. The relationship of absorption coefficient with (a) turbidity, (b) particle size and (c) total soluble solids. 
 
Furthermore, as illustrated in Fig. 4, it can be seen that UVC dosage is highly correlated with the absorption 
coefficient (R2 = 0.8271), further confirming the earlier assumption. The inactivation rate of Salmonella 
typhimurium was affected by the absorbance of pummelo fruit juice (Fig. 5). The inactivation rates of the juice with 
α = 17 and 21 per cm were 8.55 and 5.64 log10 reduction per mJ/cm2 respectively. This is in agreement with the 
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absorption coefficient of liquid medium is increased. The shoulder length of inactivation rate increased significantly, 
thus increasing the retention time needed to inactivate Salmonella typhimurium to 5log10 reduction. They further 
confirmed that UV efficacy exponentially decreased with the absorption coefficient in the range of 6.57 to 23.66 cm-
1. The results are consistent with Beer-Lambert’s law, which states that the amount of light that penetrates through a 
solution decreases with increasing solution absorbance.  
 
 
Fig. 4. Linear correlation of absorption coefficient and UV dose. 
 
Data from Fig. 5 confirms that at different absorption coefficient rate, the inactivation efficiency differs 
significantly from one another (p <0.05). The goodness of fit for fresh pummelo juice (R2 = 0.8931) is lower than 
clarified pummelo juice (R2 = 0.9583) following Lambert-Beer’s equation (Eq. 1). Based on the regression line that 
defined this relationship it is found that the inactivation count decreased 0.5 log10 and 1.273 log10 Salmonella 
typhimurium by increasing the absorption coefficient of juice by tenfold. This shows that the degree of bacterial 
reduction is lower in higher level of absorbance in juice. This is in agreement with a study by Koutchma et al. 
(2004), which suggest that there is an inverse linear relationship between the inactivation rate of E.coli and 
absorption coefficient of caramel buffer solutions.    
 
Fig. 5. Reduction percentage of Salmonella typhimurium and absorption coefficient of pummelo fruit juice. 
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According to Oteiza et al. (2005) orange, apple and multifruit juices which had been inoculated with E.coli K12 
and treated in a static UV chamber using stirred and stagnant films with UV dose up to 6 J/cm2 had a lower killing 
rate when the absorption coefficients are higher. On the contrary, Muller et al. (2011) reported that blood orange 
juice with the highest turbidity (9986 NTU), viscosity (2.74 mPa.s) and linearly correlated to absorption coefficient 
of 194.3 cm-1 had higher inactivation rate of L.plantarum than in naturally cloudy apple juice with absorption 
coefficient of 48.4 cm-1. In another study done by Koutchma (2006) using a coiled UV module, the absorption 
coefficient of juices seemed to have significant effects on E. coli K12 inactivation. However, with value of 
absorption coefficient of more than 48 cm-1, the inactivation was reported to have less than 1 log10 reduction with 
one pass through the UV reactor. The log10 reduction can be increased if the passes are to be increased, exposing the 
juice to higher UV light energy to inactivate the pathogens. E. coli K12 inactivation in apple cider (α = 57 cm-1, 
turbidity = 1383 NTU) confirmed this observation when only a 1 log10 reduction was obtained after six passes 
through the reactor at a flow rate of 75 L/min.  
From the Pearson’s correlations (Table 3), it was found that absorption coefficient of liquid foods is the most 
important influencing factor on the lethality of UV light, due to turbidity, total soluble solids and particle size of the 
juice. Photochemical reactions are due to the interaction of photons of light with molecules that produce chemical 
reactions. The extent of chemical reaction depends on the quantum yield and fluence of incident photons. As UV 
light inactivates microorganisms by damaging their nucleic acid, the bactericidal efficiency of a UV treatment will 
depend on the number of photons interacting with some components. This explains why the same UV dose has 
different bactericidal effect in different media.   
 
 Table 3. Pearson’s correlations of absorption coefficient, physicochemical properties, Salmonella 
typhimurium reduction and UV dose 
 Abs 
coefficient 
Turbidity Total soluble solids Particle size 






















 * Pearson’s correlation value 
  ** P-value at 0.05  
 
4. Conclusions 
The present study evaluated the effects of physicochemical properties of pummelo fruit juice on UV 
pasteurization. Absorption coefficient have been shown to have direct relationship with particle size, turbidity and 
total soluble solids of juice. The inactivation rate of Salmonella typhimurium is inversely proportional to absorption 
coefficient of juice. Therefore, optimization has to be made in order to effectively pasteurize high opacity juices. 
High absorption coefficient of opaque juices can be eluded through a number of methods; (1) clarification – various 
clarification techniques can be employed, either physical or chemical. Ultrasonic filtration is an alternative method 
to microfiltration or manual filtration via vacuum suction. Enzyme clarification has been successfully employed in 
this study and can be further optimized in the pummelo fruit juice process; (2) thin layer film or small diameter 
tubing – many researches have been carried out to optimize UV pasteurization by limiting the boundary layer of 
juice exposed to UV lights. Optimum gap width of λ/d < 1 , have been reported by Ye et al. (2007), to effectively 
inactivate Y. Pseudotuberculosis up to 6 log10 reduction of model juices with absorption coefficient of 30 cm-1. 
However, further studies are required to find the effective diameter tubing for Dean flow reactor. It is imperative 
that the diameter of tube which the juice flows, produce a secondary flow to improve the mixing inside the tube.  
With these findings, it is highly recommended that further analysis focus on the reactor geometric configurations.  
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